Context. The optical counterpart of the neutron star X-ray binary and well known X-ray burster, 4U 1636-53 (= 4U 1636-536 = V801 Ara) has been well studied for three decades. However to date, no infrared studies have been reported. Aims. Our aims are to identify and investigate the near-infrared (NIR) counterpart of 4U 1636-53. Methods. We present deep, K S -band (2.2µm) imaging of the region of 4U 1636-53 taken with the Infrared Spectrometer And Array Camera (ISAAC) on the Very Large Telescope. Archival optical and UV data are used to infer the 0.2 − 2.2µm spectral energy distribution (SED). Results. One star is located at coordinates α = 16:40:55.57, δ = −53:45:05.2 (J2000; 1σ positional uncertainty of ∼ 0.3 arcsec) which is consistent with the known optical position of 4U 1636-53; its magnitude is K S = 16.14 ± 0.12. This star is also detected in the 2MASS survey in J-band and has a magnitude of J = 16.65 ± 0.22. Under the assumption that the persistent emission is largely unvarying, the 0.4 − 2.2µm de-reddened SED can be described by a power law; F ν ∝ ν 1.5±0.3 , with some possible curvature (F ν ∝ ν 1.5 ) at 0.2 − 0.4µm. The SED can be approximated by a blackbody of temperature ∼ 27000 K. This is typical for an active low-mass X-ray binary, and the emission can be explained by the outer regions of a (likely irradiated) accretion disc. We therefore interpret this K S -band star as the NIR counterpart.
Introduction
Low mass X-ray binaries (LMXBs) are interacting binaries where a low mass donor is transferring material onto a neutron star or a black hole. In order to transport the excess of angular momentum outwards, an accretion disc is formed. In the disc, the gravitational potential energy is transformed into mainly X-ray radiation and kinetic energy, and temperatures approach ∼ 10 8 K. The mass transfer rate supplied by the donor star,Ṁ 2 , is driven by the binary/donor evolution and mass transfer ratesṀ 2 >Ṁ crit ∼ 10 −9 M ⊙ kg yr −1 (where M ⊙ is the mass of the Sun in kg) result in persistently bright Xray sources (King et al. 1996) . There are ∼ 200 such bright (L X ≃ 10 36 − 10 38 erg s −1 ) LMXBs in the Galaxy and most of them harbour neutron stars as implied by the detection of pulsations and X-ray bursts resulting from nuclear burning caused by the accumulation of Hydrogen and Helium on their surfaces. They show energy spectra dominated by emission from their ir-⋆ Based on observations collected at the European Southern Observatory, Chile, under ESO Programme ID 085.D-0456(D). radiated accretion discs which also dominate at optical wavelengths (e.g., van Paradijs & McClintock 1995) .
Even in the near-infrared (NIR), where the companion star could have an important contribution, the disc emission seems dominant in bright systems. For instance, in the prototypical persistent neutron star, Sco X-1, which given its relatively long orbital period (∼ 19 h) should have a large, evolved companion star, no spectral feature from the donor has been detected in the NIR (Bandyopadhyay et al. 1997) . In most persistent neutron star X-ray binaries, spectral and temporal studies have favoured an X-ray heated accretion disc as the origin of the NIR emission (e.g., 4U 1705-440; Homan et al. 2009 ). Compact jets producing synchrotron emission typically dominate the radio emission (Migliari & Fender 2006) and their spectra can extend to higher frequencies. In the NIR, high amplitude flares from GX 17+2 (Callanan et al. 2002) , a synchrotron spectrum in 4U 0614+09 (Migliari et al. 2010 ) and variable linear polarization in Sco X-1 (Russell & Fender 2008) have suggested a strong infrared jet contribution in these persistent neutron star X-ray binaries. One of the classical neutron star systems is 4U 1636-53 (= 4U 1636-536 = V801 Ara). It is an X-ray burster, which has been extensively studied in X-ray and optical regimes for more than three decades (e.g., Pedersen et al. 1982) . It has a 3.8 h orbital period (van Paradijs et al. 1990; Giles et al. 2002) pointing to a relatively faint, late type companion star. The spectrum of the system from X-ray to optical wavelengths seems to be dominated by the emission of its bright accretion disc, the companion star only being detected by using emission lines arising from reprocessing of the strong X-ray emission (L X ∼ 10 37−38 erg s −1 ) in its inner hemisphere (Casares et al. 2006) .
To date, no detections of 4U 1636-53 have been reported at wavelengths longer than the optical regime. At radio frequencies, upper limits of both the persistent and burst fluxes were presented in Thomas et al. (1979) . Here we present the first detection of the near-infrared counterpart of 4U 1636-53. Together with available optical and UV data, we construct the intrinsic 0.2-2.2 µm spectral energy distribution (SED).
Very Large Telescope observations
The data were acquired with the Infrared Spectrometer And Array Camera (ISAAC) on the European Southern Observatory (ESO) 8-m class Very Large Telescope UT3 (Melipal) on 2010-05-21 02:23 -03:17 UT (MJD 55337.118 ± 0.019) under ESO Programme ID 085.D-0456(D). Twenty-four data cubes, each of exposure time 132.5 s (comprising 530 × 0.25 s individual exposures) were obtained of the region of 4U 1636-53 in high time resolution (FastJitter) mode using the K S -band filter centred at 2.16µm. The brightest object in the field has < 1000 counts in each 0.25 s exposure, so non-linearities are not a concern. A small (up to 6 ′′ ) telescope offset was applied between cubes. Average images were made of each cube, removing the sky generated from a median of the surrounding averaged cubes. The field of view of each ISAAC image is 40 ′′ × 40 ′′ and the pixel scale is 0.1478 ′′ pixel −1 . The 24 average images were then aligned and stacked using IRAF to produce a deep image. The total on-source exposure time of the combined image is 3180 s. The K S -band seeing as measured from the combined image was 0.6 arcsec and conditions were clear. The camera was rotated at an angle of 127
• to maximise the number of reference stars on the array. The combined image is presented in Fig. 1 and can be used as a deep, high resolution K S -band finding chart.
Source identification
Within the combined image, six stars listed in the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006 ) are detected, which were used to calculate the world coordinate system and achieve K S -band flux calibration. DAOPHOT in IRAF is used to perform point-spread-function (PSF) photometry on the combined image. All comparison stars were successfully fitted by a single PSF consistent with the image PSF; no blends were identified. There is one star consistent with the best optical position of 4U 1636-53, as listed in the USNO-B1 digital sky survey (α = 16:40:55.61, δ = −53:45:05.1; J2000, with an error circle of 0.339 ′′ ), shown as a white circle in Fig. 1 . We derive a position of α = 16:40:55.57, δ = −53:45:05.2 (J2000) for the infrared counterpart of 4U 1636-53, with a 1σ positional uncertainty of ∼ 0.3 arcsec. Other optical coordinates of 4U 1636-53 in the literature (Jernigan et al. 1977; Liu et al. 2001; Samus et al. 2003) are also consistent with the USNO-B1 and ISAAC positions. No precise X-ray coordinates of 4U 1636-53 from Chandra or Swift observations exist in the literature.
Some faint, blended stars lie just 1.5 ′′ from 4U 1636-53 in the ISAAC image, but none are consistent with the optical position. The above source is the only candidate counterpart in our K S -band image. All stars within a 3 ′′ radius of the LMXB are ≥ 1.2 magnitudes fainter in K S -band than this proposed counterpart. No faint blended stars are visible after subtracting the PSF of the counterpart.
From the known magnitudes of the 2MASS stars within the field, we measure the magnitude of 4U 1636-53 during the time of our observations to be K S = 16.14 ± 0.12. The errors are dominated by systematic errors derived from the six 2MASS star magnitudes. 4U 1636-53 is detected with a signal-to-noise ratio (S/N) of 145. The limiting magnitude in the image is K S ∼ 19.3 (i.e. stars brighter than this are detected at the 3σ level).
The counterpart we have found is not listed in the 2MASS point source catalogue. On inspection of the 2MASS images, the counterpart is not visible in K and H-bands, but appears as a faint source in J-band. Performing PSF photometry on the Jband 2MASS field, we obtain a magnitude of J = 16.65 ± 0.22 for 4U 1636-53; the S/N is 7. The aforementioned faint stars within ∼ 2 ′′ of the source may contribute up to ∼ 10 − 30% of the flux measured, although the PSF fitting method should have removed the majority of this excess flux (which is offset from the central PSF position). This 2MASS observation was made on 1999-06-18 04:27 UT. In the 2MASS H-band image, the upper limit to the magnitude of 4U 1636-53 is H > 15.76. The new VLT and 2MASS detections of 4U 1636-53 are listed in Table  1 .
Swift UVOT observations
Optical-ultraviolet observations of 4U 1636-53 were made with the UltraViolet/Optical Telescope (UVOT; Roming et al. 2005) on board the Swift satellite and the data are publicly available. UVOT observed 4U 1636-53 on 11 dates between 2005-02-13 and 2010-06-10. On most dates, one or two of the six UVOT filters were used. The image data of each filter on each date were summed using uvotimsum. Photometry of the source in individual sequences was derived with uvotsource. 4U 1636-53 is clearly detected at the position derived above, in all six filters (5500 − 1900Å). An extraction region of radius 3 ′′ centred at the ISAAC-derived position was adopted, which excludes a neighbouring star 6 ′′ away from 4U 1636-53; no stars appear to contaminate the flux of 4U 1636-53 within the extraction radius. The mean magnitudes and range in each filter are given in Table  1 .
Intrinsic spectral energy distribution
We de-redden the K S , J-band and UVOT magnitudes using the known interstellar extinction towards 4U 1636-53; A V = 2.5 ± 0.3 mag (derived from optical data; Lawrence et al. 1983 ) applying the extinction law of Cardelli et al. (1989) . We also take optical magnitudes from Lawrence et al. (1983) and Pedersen et al. (1982) ; U = 17.92 ± 0.06, B = 18.47 ± 0.03, V = 17.89 ± 0.03, R = 17.46 ± 0.03, I = 16.77 ± 0.03, and de-redden them in the same manner. Using the de-reddened fluxes (adopting the standard conversion zeropoints for optical Johnson filters, and 2MASS IR filters from the Explanationary Supplement of Skrutskie et al. 2006) we construct the intrinsic NIR-optical-UV SED of the persistent (non-burst) emission from 4U 1636-53.
The SED, which spans one order of magnitude in frequency, is presented in Fig. 2 . The observed, reddened fluxes are plotted in addition to the de-reddened data. The optical (I to U-band) SED from Lawrence et al. (1983) and Pedersen et al. (1982) , which has small errors, has a spectral index of α = 1.5 ± 0.4, where F ν ∝ ν α . The error on α is dominated by the uncertainty in the extinction. This spectral index is typical for active lowmass X-ray binaries (both neutron star and black hole systems; e.g., Hynes 2005; Russell et al. 2007 ) and is consistent with the outer regions of a blue accretion disc. Shih et al. (2011) showed that the optical emission is correlated with the soft X-ray flux; the optical light is dominated by the irradiated disc (X-ray reprocessing on the disc surface).
The K S , H-band and J-band magnitudes correspond to dereddened flux densities of F ν,K S = 0.30 ± 0.03 mJy, F ν,H < 0.83 mJy and F ν,J = 0.67 ± 0.14 mJy, respectively. The opticalinfrared (K S to U-band) SED (neglecting the UVOT data) can be fitted with a power law with spectral index α = 1.5 ± 0.3 (solid line in Fig. 2 ). This is similar to the optical spectral index, and the K S -band and J-band fluxes are consistent with an extrapolation of the accretion disc spectrum. It is unlikely that IR emission lines (e.g. Bandyopadhyay et al. 1997 ) could contribute a significant fraction of the observed IR fluxes. There is some possible curvature in the spectrum at the higher frequencies, apparent in the UVOT data, and the whole SED can be approximated by a blackbody at a temperature of ∼ 27 000 K (dotted line in Fig. 2) . The curvature implies the blackbody of the irradiated disc spectrum may peak at around 1900 Å, similar to some other LMXBs (Hynes 2005) . However, the curvature (and even more so the spectral index of the power law) is sensitive to the uncertainty in the extinction, and the optical counterpart varies by ∼ 0.6 mag amplitude (a factor of ∼ 1.7 in flux) over weeks to months (e.g., Shih et al. 2011) . We detect variability in our UVOT data over several years (Table 1) . Quasi-simultaneous optical-infrared data are required to accurately measure the spectral index, and uncertainties will be decreased once the extinction towards the source is measured more accurately.
There is no evidence for the companion star, or synchrotron emission from the jet (if the system has a jet) to dominate the infrared flux. Both of these components are expected to be redder than the irradiated disc component, and would produce an infrared excess above the disc spectrum. Since the spectrum between J and K S -bands is blue (α ∼ 1.5), these components make a negligible contribution to J-band. In the most extreme scenario, the disc could have a steep spectrum, α = 2.0 between J and K S -band, and therefore the disc could be as faint as 0.18 mJy in K S -band (0.12 ± 0.03 mJy fainter than the observed flux). If this were the case, the jet or companion could contribute up to 46% of the K S -band flux. These calculations again neglect possible variability, since the NIR observations were made on different dates. Simultaneous optical-infrared observations could constrain the level of star or jet emission more precisely.
Conclusions
We have identified the near-infrared counterpart of the neutron star burster LMXB 4U 1636-53. Its magnitudes on the dates observed are K S = 16.14 ± 0.12 (VLT / ISAAC), J = 16.65 ± 0.22 (2MASS). The intrinsic infrared-optical-UV spectrum of the persistent (non-burst) emission is consistent with a blackbody, likely from the irradiated surface of the accretion disc. We find no evidence for emission from other components that may be expected to contribute, such as the donor star or synchrotron emission from a jet, although simultaneous optical and infrared data are needed to constrain these contributions further.
